The sensitivity of MRI for local changes in the deoxyhemoglobin concentration is the basis of the blood oxygen level dependent (BOLD) effect. Time-resolved fMRI studies during visual activation show an early signal intensity (SI) decrease indicating a short lasting uncoupling of oxygen consumption and cerebral blood flow (CBF) before a SI increase due to the overcompensating hemodynamic response occurs. Normal neuronal activity may be preserved despite absent vascular responsiveness. Here we show that a negative BOLD effect occurs during motor activation in an asymptomatic patient with severely disturbed cerebral autoregulation due to extracranial artery disease. This is thought to be due to oxygen consumption in the absence of a hemodynamic response. This rare case of a persisting uncoupling of oxygen metabolism and CBF serves as a model that supports changes of the cerebral blood oxygen saturation as the major contributor of the BOLD effect. © 2002 Elsevier Science
INTRODUCTION
The mechanism of fMRI is based on the intrinsic contrast of deoxyhemoglobin that acts as a paramagnetic particle (Pauling and Coryell, 1936) . Changes in its concentration within blood induce signal intensity (SI) changes in T2*-weighted MR sequences (Ogawa et al., 1990; Thulborn et al., 1982; Turner et al., 1991) . The sensitivity of MRI for this intrinsic contrast medium is the basis of the BOLD effect (Ogawa et al., 1992) , where SI changes mirror cerebral blood oxygen saturation changes during neuronal activation, thus reflecting neuronal activity (Kwong et al., 1992) . A decrease of deoxyhemoglobin due to the washout by an increased influx of fresh, oxygenated blood or, alternatively, a blood volume effect, i.e., a relative increase of the intravascular water fraction in a given voxel, or both are thought to be the basic mechanism of BOLD signal changes Kwong et al., 1992; Ogawa et al., 1990) . This model is based on the physiological principal that neuronal activity is tightly coupled to a local increase in blood flow and energy metabolism (Roy and Sherrington, 1890; Sokoloff et al., 1977) .
The time course of the BOLD effect is characterized by a triphasic response with an initial negative dip, a subsequent positive SI change and a poststimulus undershoot (Buxton et al., 1998; Menon et al., 1995; Yacoub and Hu, 1999) . Under physiological conditions this initial negative dip is thought to represent the deoxyhemoglobin increase due to a short lasting uncoupling between blood flow and oxidative metabolism (Fox and Raichle, 1986; Frahm et al., 1996; Magistretti and Pellerin, 1999) . This interpretation is supported by optical imaging studies (Frostig et al., 1990) and studies applying magnetic resonance spectroscopy showing a 4 s lasting deoxyhemoglobin increase (Ernst and Hennig, 1994; Prichard et al., 1991) .
Here we predicted that this negative dip should persist during neuronal activation under conditions of severely impaired cerebrovascular reserve capacity (CVRC). The rational for this assumption is delivered by positron emission tomography studies in humans that have shown abnormal regional CBF responses to physiological stimulation of the sensorimotor cortex despite normal brain function (Powers et al., 1988) . We therefore studied the BOLD effect in response to a motor paradigm (finger tapping) in a patient with occlusion of both internal carotid arteries and one vertebral artery and severely disturbed CVRC.
MATERIAL AND METHODS
The patient under study was a 74-year-old male who presented with a transient ischemic attack 6 months before the first study. Neurological symptoms with a weakness of the right arm resolved within one day without signs of infarction in conventional MRI. Ultrasound studies revealed occlusion of both intracranial carotid arteries and occlusion of one vertebral artery. Collateralisation pathways were present via the ophtalmic collateral and the posterior communicating artery.
fMRI was performed with a 1.5 Tesla MR scanner (Magnetom Siemens VISION whole-body MRI system, Erlangen, Germany) equipped with a standard transmit/receive head coil. Contiguous axially orientated multislice T2*-weighted echoplanar images (echo time 60 ms; acquisition time 5100 ms, flip angle 90°, voxel size 3 ϫ 3 mm, matrix 64 ϫ 64, 40 slices, thickness 3 mm) were acquired. A total of 240 measurements were repeated during three different conditions in random order: Rest served as control condition (A). Sequential tapping of all fingers against the thumb of the right hand was performed during condition B and of the left hand during condition C. Each active condition was followed by a rest condition. Five image volumes were acquired in each condition. The frequency of finger tapping was 2 Hz as controlled by one of the authors (F.H.). Eyes were closed during scanning.
Data processing and statistics. Scans were realigned to each other and coregistered to an individual T1-weighted 3-D MR image volume (1 ϫ 1 ϫ 1-mm voxel size). Image transformation into the stereotactic anatomical space was followed by smoothing with a 9-mm isotropic Gaussian kernel. Data analysis was performed by modeling the different conditions as reference waveforms, i.e., box-car functions were convolved with a hemodynamic response function applying the general linear model as implemented in the software program statistical parametric mapping (SPM99) (Friston et al., 1995) . Significant SI changes were tested with t-statistics, corrected for multiple comparison, and displayed as a statistical parametric map. Significance level was set to P Ͻ 0.05.
To test the cerebrovascular reserve capacity the patient was exposed to carbogen gas (5% CO 2 and 95% oxygen) while continuously acquiring T2*-sensitive MR images (echo time 60 ms; repetition time 3200 ms, flip angle 90°, voxel size 0.9 ϫ 0.9 mm, slice thickness 3 mm, matrix 256 ϫ 256 (interpolated), 15 slices in axial orientation covering the motor cortex). After a baseline assessment of 1 min, carbogen gas was applied via a face mask for 2 min. Data was motion corrected and normalised to the standard stereotactic space. A Gaussian filter for temporal (full width at half height 12 s) and spatial smoothing (12 pixels in plane) was applied and data was fitted to a windowed Fourier set (combination of a sine function and its harmonics). CO 2 -reactivity maps were generated from the SI change before and during hypercapnia using SPM data processing. SI change from baseline to maximum was colour coded for each individual pixel.
RESULTS
In detail, the following observations were made: (1) In the presence of a normal motor performance, a negative BOLD effect was observed in the left hemisphere whereas a normal positive BOLD response was present in the ipsilateral cerebellum and in the right hemisphere after contralateral motor task (Fig. 1). (2) The negative response occurred prior to the positive signal change and lasted for the total length of the stimulation period (25 s). (3) The hemodynamic response to hypercapnia (CO 2 stimulus) was severely impaired in major parts of the left hemisphere where the negative response was observed, indicating severely disturbed CVRC (Fig. 2) . These results were reproduced in a second MR exam within an interval of 6 weeks.
DISCUSSION
The finding of a negative BOLD effect during sensorimotor activation may be explained by oxygen utilisation and subsequent increase of deoxyhemoglobin in the absence of a hemodynamic response. This interpretation of a persisting uncoupling of oxygen consumption and CBF response is supported by our finding that the negative response precedes the positive signal change in time. We suggest that the observed negative response may be seen in analogy to a prolonged negative dip as is supported by the earlier onset of the negative as compared to the normal positive BOLD response. We hypothesise that this negative dip is prolonged due to the absent hemodynamic response that favours a persisting increase of deoxyhemoglobin. We speculate that the negative dip is not seen in the normal hemisphere since it does not last long enough to be detected within this experimental setting.
Optical imaging studies (Frostig et al., 1990) of neuronal activation in the visual cortex of cats found an early deoxyhemoglobin increase that was followed by a blood volume change similar to the temporal sequel of the BOLD signal in fMRI (Hu et al., 1997; Menon et al., 1995) . If the blood volume change is absent as may be assumed in the presented case, the initial dip should last as long as the motor activity related oxygen consumption is uncompensated for by a hemodynamic response.
CO 2 stimulation triggers a CBF and CBV increase in normal brain tissue (Grubb et al., 1974) resulting in increased BOLD contrast (Bruhn et al., 1994) . Therefore, the absence of a SI change to CO 2 stimulation as indicator of a disturbed CVRC may be considered an important factor for the observation of a negative BOLD effect during a sensorimotor task. Our result contributes to the puzzle of basic mechanisms of fMRI and supports the hypothesis that BOLD signal changes reflect the oxygen saturation in the cerebral blood.
The initial dip is still controversial discussed, however, evidence accumulates that it is detectable in the primary visual cortex even at 1.5 Tesla (Yacoub and Hu, 1999) . Others argued that the early negative response might result from rapid blood volume changes (Malonek et al., 1997) . In our case, blood volume changes as origin of negative BOLD signal changes can be ruled out, since the CVRC was exhausted and blood volume changes did not occur. Therefore, our results confirm changes of oxygen utilisation in the absence of a CBF response as the basis of the negative SI change.
Assuming that normal motor function is associated with a local increase in energy metabolism (glucose consumption) our case shows that under rare conditions such as impaired autoregulation, CBF and metabolism may be uncoupled not only for a few seconds until the hemodynamic coupling has taken action but for even longer periods. Animal experiments with a normal increase of the cerebral metabolic rate of glucose but pharmacologically blocked CBF response to somatosensory stimulation provide further evidence (Ogawa et al., 1994) . It might be speculated that in a case like ours, mediators of the neurovascular coupling (lactate, K ϩ , H ϩ , adenosine, nitric oxide and others, for a review see (Villringer and Dirnagl, 1995) are released but do not result in a hemodynamic response due to maximally dilated arterioles. Normal motor function, however, is maintained since energy substrates are abundant even with uncoupling of CBF and metabolism. This fits into the concept of coupling of CBF and metabolism under physiological condition but uncoupling by pharmacological manipulations and under pathological conditions. This has also implications on fMRI studies in patients. Here we should bear in mind that an absent BOLD response does not necessarily imply a lack of neuronal activation, but may be due to a disturbed CVRC in the presence of normal cortical function.
